Introduction: The safety, pharmacokinetics, and effect on peripheral and central amyloid b (Ab) of multiple doses of ponezumab, an anti-Ab monoclonal antibody, were characterized in subjects with mild-to-moderate Alzheimer's disease treated for 1 year. Methods: Subjects were aged 50 years with Mini-Mental State Examination scores 16 to 26. Cohort Q was randomized to ponezumab 10 mg/kg (n 5 12) or placebo (n 5 6) quarterly. Cohort M was randomized to a loading dose of ponezumab 10 mg/kg or placebo, followed by monthly ponezumab 7.5 mg/kg (n 5 12) or placebo (n 5 6), respectively. Results: Ponezumab was generally well tolerated. Plasma concentrations increased dose dependently, but cerebrospinal fluid (CSF) penetration was low. Plasma Ab increased dose dependently with ponezumab, but CSF biomarkers, brain amyloid burden, cognition, and function were not affected. 
Introduction
The amyloid hypothesis of Alzheimer's disease (AD) posits that the accumulation of amyloid b (Ab) peptide in the brain is the critical pathogenic step [1] . Studies in transgenic murine models of amyloid overexpression have shown reduced cognitive deficits and reversal of some aspects of histopathology with agents that remove Ab or alter its transport [2, 3] . Monoclonal antibodies that target Ab include bapineuzumab, solanezumab, and aducanumab [4] [5] [6] . In patients with mild-to-moderate AD, bapineuzumab did not improve clinical outcomes [4] and solanezumab did not significantly improve cognitive or functional ability [5] .
However, secondary analyses suggested that in patients with mild AD, solanezumab may have slowed cognitive worsening [7] , and a delayed start design in an extension arm indicated a potential modifying effect on underlying disease progression [8] . Aducanumab has been shown to significantly reduce amyloid plaque and slow cognitive decline in patients with prodromal or mild AD [6] .
Ponezumab is a humanized IgG 2 Da anti-Ab monoclonal antibody designed for the treatment of AD. It is unique in that (1) it is directed against the C-terminus of the Ab peptide derived from the amyloid precursor protein and (2) it has two amino acid substitutions in the Fc region that minimize its ability to activate complement or to support antibody-dependent cell-mediated cytotoxicity. Ponezumab is believed to sequester Ab in the blood, thereby depleting central Ab stores (the peripheral sink hypothesis) [2] . Murine analogs of ponezumab reduce brain amyloid burden, as soluble Ab or in plaques, and reverse cognitive deficits in transgenic murine models [9, 10] . Ponezumab, like many first-generation anti-amyloid monoclonal antibodies, targets soluble Ab monomers, which is now emerging as a part of the solution, but additional therapies are needed.
Pittsburgh compound B (PIB) is an amyloid imaging ligand with demonstrated specificity and sensitivity to detect central brain amyloid burden in AD [11] [12] [13] , as well as utility in following intervention with anti-amyloid therapeutics [14] .
To date, ponezumab has been administered as both single and multiple intravenous doses over a 100-fold dose range (0.1-10.0 mg/kg) for durations as long as 18 months [15] [16] [17] [18] . Throughout these clinical studies, ponezumab was generally safe and well tolerated, although the pharmacodynamic (PD) response associated with various dosing intervals has not been established. The current clinical study used both biochemical and neuroimaging methods to evaluate the effect of two dosage schedules (monthly and quarterly) of ponezumab on peripheral and central amyloid burden in subjects with mild-to-moderate AD. The purpose of this study was to inform dose interval for subsequent trials given the adverse events (AEs) of particularly of amyloid-related imaging abnormalities (ARIA) observed with other anti-amyloid approaches. This study was conducted in parallel with a larger multiple-dose study designed and powered to inform efficacy end points.
Methods

Subjects
Subjects were men and women aged 50 years with a Mini-Mental State Examination (MMSE) [19] A subset of subjects who received monthly dosing (cohort M) underwent amyloid positron emission tomography (PET) and had to have a brain amyloid burden at screening with radiotracer retention in the range expected for AD subjects. This was defined as three of the five target regions (anterior cingulate, posterior cingulate, frontal cortex, temporal cortex, and parietal cortex) having a ratio of target region radioactivity (kBq/mL) over reference region radioactivity (cerebellar gray matter) . 1.5.
Subjects were ineligible if they had a personal or family history of presenilin mutations or other contributors to dementia; diagnosis or history of cerebrovascular disease, severe carotid stenosis, cerebral hemorrhage, intracranial tumor, subarachnoid hemorrhage, or subdural hematoma. Subjects were excluded if brain magnetic resonance imaging (MRI) showed cortical infarct, .2 microhemorrhages (ARIA-H), strategically located subcortical gray matter infarct (e.g., hippocampus, thalamus, and caudate head), or multiple (2) white matter lacunes. Subjects were on a stable dose of background acetylcholinesterase inhibitor and/or memantine.
Study design
This was a Phase II, double-blind, randomized, placebocontrolled study conducted at three centers in Sweden. Subjects were enrolled in cohort Q (quarterly) or cohort M (monthly). Cohort Q was fully enrolled before enrollment in Cohort M. A total of 18 subjects/cohorts were randomized in a 2:1 ratio to receive ponezumab or placebo. Subjects in cohort Q received ponezumab 10 mg/kg or placebo quarterly (every 3 months). The sample size was based on feasibility. Cohort M received an initial single loading dose of ponezumab 10 mg/kg or placebo, followed by monthly doses of ponezumab 7.5 mg/kg or placebo, respectively. Study treatment was administered by 10-minute intravenous infusion. Subjects received study treatment for 1 year and were followed for 6 months. The study was conducted in International Council for Harmonization and good clinical practice compliance and reviewed by an external Data Safety Monitoring Board.
Outcome measures
The primary study objectives were safety, tolerability, pharmacokinetic (PK), and PD (effect on brain amyloid burden and cerebrospinal fluid [CSF] Ab concentrations) of ponezumab. The secondary objectives were to assess the effect of ponezumab on cognitive and functional status and on plasma Ab concentrations.
Brain amyloid burden
The percent change from baseline to month 13 in brain amyloid burden was assessed in cohort M by PET. PET data and matched MRI scans were transferred to GE Healthcare Limited for centralized data processing. Brain amyloid burden was assessed according to the PET imaging standard uptake value ratio (SUVR) at the screening visit (baseline) and month 13.
Cognitive and functional status
Cognitive function was assessed using the 70-point Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADAS-Cog) [20] at baseline and months 3, 6, 9, 13, and 18. MMSE was performed at screening, baseline, and at month 13. Functional status was measured using the 100-point Disability Assessment for Dementia (DAD) scale [21] at baseline and months 6, 13, and 18.
Pharmacokinetic and PD evaluations
Blood, CSF, and urine samples were collected at prespecified times for analysis of ponezumab PK, PD, and anti-drug antibodies ( Fig. 1) up to day 360. Blood samples were collected prior infusion and 5 minutes after completion of infusion.
Plasma, CSF, and urine samples were analyzed for ponezumab concentrations at Prevalere Life Sciences, LLC (Whitesboro, New York, USA) using a validated, sensitive, and specific enzyme-linked immunosorbent assay method. The lower limit of quantification (LLOQ) for ponezumab was 156.0 ng/mL in plasma, 12.0 ng/mL in CSF, and 120 ng/mL in urine.
Plasma and CSF samples were analyzed for Ab biomarkers and total tau and p-tau (CSF only) at ICON Development Solutions (Manchester, UK). The assay for CSF Ab was carried out on a Gyros (Gyros AB, Uppsala, Sweden) platform. The LLOQ was 210 pg/mL. The method for quantifying CSF Ab 1-40 was identical to that for Ab , with the following exceptions: it included a solid-phase extraction (SPE) step to pretreat the CSF, which resulted in the dissociation of the bound Ab from ponezumab before analysis. The SPE also inactivated ponezumab to prevent assay interference. The LLOQ was 144 pg/mL. The CSF samples were analyzed for total tau and p-tau using the multiplex xMAP Luminex platform (Luminex Corp, Austin, TX, USA) with INNO-BIA AlzBio3 immunoassay test kits supplied by Innogenetics (Ghent, Belgium). The assay for plasma Ab 1-42 was carried out by an electrochemiluminescence (Meso Scale Discovery [MSD]) platform with LLOQ 15 pg/mL, whereas the assay for plasma Ab was carried out on a Gyros platform with SPE. The LLOQ was 5 pg/mL.
Urine samples were analyzed for concentrations of Ab 1-x at Prevalere Life Sciences, LLC (Whitesboro, New York, USA) using a validated electrochemiluminescent assay method with an LLOQ of 300 pg/mL. Lower limits of Fig. 1 . Study schematic. Blood samples were collected for all subjects in cohort Q at months 0, 3, 6, 9, 12, 13, and 18. Additional blood samples were collected on days 40, 50, or 60 in subjects randomized to CSF sampling on those days. In cohort M, samples were collected at month 0 and monthly thereafter for the first year. Blood samples were also collected at months 13 and 18 (follow-up visits). Additional blood samples were collected on days 10 or 20 in subjects randomized to CSF sampling on those days. Blood samples for evaluating immunogenicity (ADAs) were collected before ponezumab infusion on dosing days and at month 18 for all subjects. For CSF sample collection, each cohort was divided into three groups of six subjects (four ponezumab, two placebo) to allow PK/PD analysis at 10 time points over the 12-month treatment period, but with only four LPs for each individual subject. Cohort Q subjects were designated as groups 1, 2, and 3, and cohort M groups were designated as groups 4, 5, and 6. All subjects in these six groups underwent predose LPs at days 0 and 360. In addition, group 1 underwent LPs at days 40 and 90, group 2 days 50 and 180, group 3 on days 60 and 180, group 4 on days 10 and 180, group 5 on days 20 and 180, and group 6 on days 30 and 180. Urine samples were collected before and after the ponezumab infusion at months 0, 3, 6, and 12. Abbreviations: CSF, cerebrospinal fluid; IA, interim analysis; LP, lumbar puncture; MRI, magnetic resonance imaging; PD, pharmacodynamic; PET, positron emission tomography. quantitation for the biomarker assays are shown in Supplementary Table 1.
MRI evaluations
Brain MRI was performed at screening (baseline), and at months (cohort M only) 3, 7, and 13 to check for ARIA-H (with microhemorrhage) or ARIA-E (with vasogenic edema). The MRI consisted of clinically available sequences such as fluid-attenuated inversion recovery, diffusionweighted imaging, T1-weighted (pregadolinium), and at the investigator's discretion, T1-weighted postgadolinium scans. A central read was used for data reporting.
Safety evaluations
All AEs observed or listed by patients were reported. Clinically significant changes in physical examination findings or vital signs and abnormal laboratory test results were also recorded.
Other evaluations
A blood sample was collected at baseline for apolipoprotein E (APOE) genotyping to determine carrier status for the ε4 allele (APOE ε4).
Statistical analysis
The target sample size of 18 subjects each for cohort Q and cohort M (12 on active treatment and 6 on placebo) was based on feasibility rather than on hypothesis testing. At this sample size, hypothesis tests for assessment of amyloid plaque burden response to monthly dosing had moderate power (approximately 80%) to detect a change of approximately 20% in PIB-imaged estimates of insoluble amyloid plaque in the brain.
Change in amyloid burden
Analysis of change from baseline to month 13 in amyloid burden (as assessed by the SUVR from PET imaging) was conducted using analysis of covariance after transforming the SUVRs to a log scale. The model included treatment as the main effect and log-transformed baseline SUVR as a covariate. The differences in the least square (LS) means between the ponezumab treatment group and placebo group, P values, standard errors of the differences, and corresponding 90% confidence intervals (CIs) were presented as percentage change from baseline values by back-transforming the change from baseline values on the log scale, subtracting 1, and multiplying by 100. No imputation of missing data was performed.
Cognitive and functional assessments
A mixed model-repeated measures approach was used to analyze data from the ADAS-Cog, MMSE, and DAD scales for the Full Analysis Set (all subjects who received at least one infusion) to compare mean change from baseline in each treatment arm. LS estimates were generated for ADAS-Cog at months 3, 6, 9, and 13, MMSE at month 13, and DAD at months 6 and 13. The structure for the variance-covariance matrix was assumed to be compound symmetry. Missing values were accounted for within the mixed model and were not explicitly imputed. The primary analysis model included terms for treatment and baseline value. Model-based LS mean estimates of the change from baseline and treatment differences of the change from baseline were calculated and presented with 90% CI. No imputation of missing data was performed.
Pharmacokinetic and PD assessments
All PK and PD assessments were summarized at each time point, by treatment group, using descriptive statistics and/or data plots.
Results
Subject disposition
Thirty-six subjects were screened and randomized at three investigative centers in a 3-month period (August to October, 2009). The final assessment was completed on June 1, 2011. Thirty-four subjects completed the study treatment per protocol. One subject in cohort M discontinued treatment due to cerebral ARIA-H, deemed to be a drugrelated AE, but remained in the study and was determined after unblinding to be assigned to placebo. He had been enrolled with more baseline ARIA-H (.2) than allowed per protocol, which were noted retrospectively upon the development of post-baseline ARIA-H. The subject withdrew from the study during the post-therapy follow-up phase. One subject randomized to ponezumab in cohort M discontinued treatment due to a non-drug-related serious AE (myocardial infarction) but remained in the study.
Demographic characteristics were broadly similar among all treatment groups (Table 1) . In cohort Q, 83% of ponezumab subjects and 50% of placebo subjects were APOE ε4-positive; the respective proportions in cohort M were 92% and 83%.
Seventeen men and seven women received ponezumab, whereas 8 men and 12 women received placebo. Subject ages ranged from 53 to 84 years. Mean MMSE scores in the four groups ranged from 20.8 to 22.5 at screening, consistent with a diagnosis of mild-to-moderate AD. The majority of subjects had mild AD (Table 1) . Mean ADASCog scores at baseline ranged from 18.2 to 23.5. Mean DAD scores at baseline ranged from 75.4 to 90.2.
Median time in the study was similar among treatment groups. The median number of infusions was five for both treatment groups in cohort Q and 13 for both treatment groups in cohort M.
Efficacy
Minimal changes from baseline to month 13 were observed in brain amyloid burden in cohort M, and there were no discernible differences between treatment arms in any region or for the overall brain (Fig. 2) In both cohorts, cognitive and functional abilities worsened from baseline to month 13 ( Fig. 3) , and there were no significant differences between treatment arms in either cohort (all 90% CIs for the between-group differences overlapped zero). In cohort Q at month 13, the LS mean difference between ponezumab and placebo in change from baseline in ADAS-Cog total score was 21.36 points (90% CI: 28.38, 5.66; P 5 .7486), whereas in cohort M at month 13, the LS mean difference was 4.74 points (90% CI: 22.77, 12.25; P 5 .2968). Increases on this scale represent worsening.
Similarly, in cohort Q, the difference in LS means between groups in change from baseline to month 13 in DAD total score was 11.37 points (90% CI: 23.31, 26.06; P 5 .2007). In cohort M, the difference between groups in LS means was 20.10 points (90% CI: 215.72, 15.52; P 5 .9918). Increases on this scale represent improvement. The differences were not significant in either cohort.
In cohort Q, the difference in LS means between groups in change from baseline to month 13 in MMSE total score was 1.35 points (90% CI: 21.90, 4.60; P 5 .4855). In cohort M, the difference in LS means was 1.45 points (90% CI: 22.27, 5.16; P 5 .5132). Increases on this scale represent improvement. The differences were not significant in either cohort.
Owing to the small number of APOE ε4-negative subjects, their outcomes were not compared with those of APOE ε4-positive subjects. Fig. 2 . PET-adjusted SUVR percent change from baseline to month 13 following monthly doses of ponezumab (n 5 12) or placebo (n 5 6). Abbreviations: A, ponezumab; B, placebo; CI, confidence interval; LS, least square; PET, positron emission tomography; SUVR, standard uptake volume ratio. Brain regions: CingAnt, cingulum anterior; CingPost, posterior cingulate; FrtCrt, frontal cortex; LTmpCrt, lateral temporal cortex; OccCrt, occiptal cortex; ParCrt, parietal cortex; SubWhMttr, subcortical white matter; TmpMed, medial temporal cortex.
Safety
Ponezumab was safe and well tolerated. Overall, 29/36 (81%) subjects had an all-causality AE, including 13/36 (36%) whose AEs were considered treatment related. Most AEs were mild or moderate in severity. The most common treatment-related AEs were hypertension/increased blood pressure, cerebral ARIA-H, irritability, and depression ( Table 2 ). The incidence of treatment-related AEs was similar in the ponezumab and placebo groups, occurring in 2/12 (17%) of the cohort Q ponezumab subjects and 1/6 (17%) of the cohort Q placebo subjects; the respective proportions in cohort M were 7/12 (58%) and 3/6 (50%).
Four subjects had serious AEs, none of which were treatment related: myocardial infarction (n 5 1 in the cohort M ponezumab group), hip fracture and urinary tract infection (n 5 1 each in the cohort Q ponezumab group), and worsening of dementia Alzheimer's type (n 5 1 in the cohort Q placebo group).
Only two subjects had severe AEs, neither of which was treatment related (the hip fracture and dementia Alzheimer's type described previously). There were no deaths. Owing to the small number of APOE ε4-negative subjects, ponezumab safety and tolerability profiles were not compared with those of APOE ε4-positive subjects. However, all three cases of treatment-related cerebral ARIA-H were in APOE ε4-positive subjects.
No anti-drug antibodies against ponezumab were detected.
Pharmacokinetics
Ponezumab exhibited dose-dependent increases in plasma concentrations. Accumulation was limited following multiple dosing, ranging from 1.0-to 1.5-fold across cohorts (Fig. 4) . Ponezumab was quantifiable in the CSF of all subjects who received active treatment, but penetration was low (CSF:plasma ,1.0%). Ponezumab was not quantifiable in the urine of any subject.
Biomarkers
Among subjects receiving active treatment, robust increases were observed from baseline to day 360 in mean plasma levels of Ab and Ab 1-x . For Ab , the increases were about 788-fold and 320-fold in cohorts M and Q, respectively; similar increases were observed for plasma Ab 1-x . Minimal increases were noted for either biomarker among subjects receiving placebo. Plasma Ab 1-42 was quantifiable for only 9 of 24 subjects who received ponezumab, and the majority of those values were close to the LLOQ of the bioanalytical assay.
Although CSF Ab biomarkers, tau, and p-tau were measurable in most subjects, concentrations were highly variable, and there was substantial overlap between ponezumab and placebo treatments both at baseline and following treatment.
Urine Ab 1-x was not detected in any subject.
Discussion
In this phase II study, monthly and quarterly ponezumab administration for 1 year was generally safe and well tolerated in subjects with mild-to-moderate AD. Ponezumab exhibited dose-dependent increases in plasma levels, limited plasma accumulation, and low CSF penetration (CSF:plasma ,1.0%), consistent with other monoclonal antibodies [22] .
Plasma Ab and Ab 1-x showed robust increases from baseline in subjects receiving ponezumab, but plasma Ab was not quantifiable for the majority (13/24) of subjects. None of the CSF Ab species, p-tau, or tau were altered when compared with placebo.
No differences between ponezumab and placebo in brain amyloid burden were discernible by PIB for any individual brain region or overall. Cognitive and functional decline was noted over the course of the study, but changes from baseline did not differ between treatment arms.
These results are consistent with those of a separate phase II study in which 198 subjects with mild-to-moderate AD were randomized to receive ponezumab 0.1, 0.5, 1, 3, or 8.5 mg/kg or placebo every 60 days for 18 months [18] . Although active treatment was generally safe and well tolerated, no significant differences from placebo were observed in the change from baseline to month 19 in measures of cognition and function.
The lack of progression of brain amyloid burden in either treated or placebo subjects over the period evaluated in the present study is consistent with data showing that the most rapid deposition of brain amyloid is an early pathologic event, greatest during the periods preceding and during mild cognitive impairment [23, 24] . This may explain the apparent lack of translation from preclinical studies with ponezumab, in which a reduction in central amyloid burden, together with improvements in memory and function, were demonstrated in transgenic mouse models of amyloid overexpression [2, 3] . The small sample size was a limitation of the present study, which was underpowered to detect differences between treatment arms in biochemical, cognitive, or functional end points. With an 80% power to detect a 20% change in the PIB-imaged estimates of insoluble amyloid plaque in the brain, it is important to consider the results of this study alongside the magnitude of changes in brain amyloid burden in studies of other monoclonal antibodies.
In studies of bapineuzumab, PIB showed significant differences in amyloid burden between the treatment and control groups; there were also significant differences in CSF p-tau concentrations between the two groups among patients who were carriers of the APOE ε4 allele [4] . Furthermore, bapineuzumab caused an increase in the rate of change in whole brain and hippocampal ventricular volume as compared with placebo, although no corresponding changes in clinical outcomes were observed [25] . Solanezumab studies revealed large, sustained increases in plasma Ab and reductions in CSF levels of free (unbound) Ab 40 in conjunction with increased CSF levels of total (bound and unbound) Ab 40 [5] . Total levels of Ab 42 in CSF also increased [5] .
Furthermore, clinical evidence with AN1792 suggests that the benefits of treatment on Ab clearance might be delayed up to 60 months [24] , indicating the possible need for longer follow-up periods. In theory, higher doses of ponezumab might have increased CSF drug concentrations or potentially enhanced the peripheral sink effect.
A recent review of the amyloid hypothesis by Selkoe [26] suggests that Ab dyshomeostasis has emerged as the most extensively validated and compelling therapeutic target. Furthermore, solanezumab that also recognizes soluble, monomeric amyloid has showed a trend in three successive phase III pivotal trials for modest clinical meaningful improvement albeit nonsignificant on the primary end point. The third trial, Expedition3 reported and 11% (nonsignificant) reduction (improvement) in the ADAS-cog 14 in the mild population [27] . Solanezumab is now being advanced for an earlier population. Aducanumab, which has selectivity for fibrillary amyloid has demonstrated convincing phase II results in support of the amyloid hypothesis [28] . Musuek and Holzman [29] point out that it is possible that the appearance of fibular Ab may represent a point in the cascade where it is too late for effective anti-Ab therapy. Although the current ponezumab study reports negative results, these data add to the important literature on antiamyloid therapies to continue to progress the understanding of each antibody's unique mechanism and the potential for therapy alone or in combination.
The present study demonstrated that ponezumab was generally safe and well tolerated at doses of 7.5 mg/kg administered monthly or 10 mg/kg quarterly for 1 year in subjects with mild-to-moderate AD. Plasma ponezumab accumulation was limited following multiple dosing and showed low CSF penetration. Although plasma Ab biomarkers showed robust increases, there was no apparent effect on CSF biomarkers, cognition, function, or brain amyloid burden. For these reasons, development of ponezumab for mild-to-moderate AD has been discontinued.
